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Tne mechavriun ol reactive sputtering is veey complex due to the
nature ¢t the plasme and the many excited ion states that are created.
Thic allows the poscibility that compounds. are formed in the qlow, on
the target and at the substrate. I as very difficult to separate these
sources curing opevation, and os a result, most intormation on the Lopic
remainsg empirical.  This experiment atlempts to separate the plasma/
subctrale effects fron the tarqet etiect,  The reactive gases of nitro-
qen, amaoera, cavher pronaside and methane were ichhoduced Lo oa sliady
state deposalion of aluminme veing o planar magnelroan operal yng ot 2 400
valte,  he oo av The platnn wes Tomd 1o chanee colery the deposil ion
was ernnated  and the gasess pueped oul . R wnber ol copper wae
deporated on the aabsbvate, Argon was e inbrodoced Te the chamber  ud
wputterice conbiped. o s fasdhagon, the etfecd ol the  componnd

tovmedd al The vargel was separated Trow the plosana /st bvale el el

e vesultg Folue weve analyeed by Auger Depth Prataling., e
Tocaton and aatensaty o the artrogen and cavbon cagquals qave lues o

the matwme o the campound o, A cigmibacant portion o' the



observed compound comes from the target. This result is interpreted in
terms of low energy ion implantation in the target. Theoretical Monte
Carlo calculations for ion ranges in solids arec used to supnort a model
to describe these findings. The individuel differences in the rvesults
between ammonia and methane are exnlored in terms of the different
behavior of the plasna target inleraction during gas introduction rather
than on a chemical raactivity basis. A connection betweer cathode tall
voltage and target physics is proposed in cerms of the ion ranges in the

tarqet and the elficiency ol compound production.

INTRODUCT IOI

Keactive spultering it a lool that has been widely used for mary
viear s to produce ol types ol Compountd rn.ﬂim_l'..l Ry varying the
mxtures of the gases in the chamber during deposition, the desired
propevtics can usually be oblained,  Thie work atlempts. ta tocate the
e ot the componnd tormat jon, whethey it i- tormed on The tavgel , in
the glow, m on the subcstrate,  Withoul lengloly arvqumentss, o imple
caperimn gl can be pertormed which willl atteapt to decouple The Taryet
et hrae the glow/—ab-dbvete nlevaction.  Work  dene by |\'.III-I|I.I':.
et el ha sbewi that the Theshold Tor compamud Tormai ion can be gquite
fow Ter mihromen an b, o that it is pessible tor the compound o

bee Loveed bl any of the veqgions ment oned.,

The wey 1o which the tavgel may be decoupled o o consdey The low
cncrgy on aeplantation ol the veactive specres anto the Tarqel, Vhe

plesma poltential can beoon the ovder ot 30 eV, thes allowing Ve



remaining voltage, the cathode fall voltage, to be available for the
bombarding ions. If the target voltage i. ~ 400 volts, then the cathode
fal! voltage is on this order of magnitude. Low energy ion implantatior
simulation studies chow that nitrogen and carbon can penetrate 0.5 to
3.5 nm. If the sputter rate is not too high, it is possible to intro-
duce the reactive gas and quench the plasma before enough of the target
material is croded to cause signivicant deposit to arrive at the
substrate. 11 a fiduciary marker is depesited on the substrate at this
time-, then the sputtering resumed in argon only, the remcining compound

in the target wiil appear on the trailing side of the marker.

THI ORY

Reaclive sputler deposition hay been o subicect of interest for qomme
tise.  The compounds that. are observed at the substrate could be {ormed
al the target, in the glow, or al Lhe subutirate.  The problem with the
tormation of the compound in the glow i~ the conservation of woeepnboe
ane enerqy requires a o many body interaction which s not Likely in the
typizal opevating pressurves ol most sputter apparatus, e bulk of the
covly work hae tavored the substrate as the Tibely cendidate tor wyn
I|Il".l'..' However, the species Trom i largel ave bel o very cieigel s
when they arvvive ol the sabstrete due to the gas collbivion.,  dudies ol
the ons produced an the glow are sabject o the welec tijon vales o jon
pmodoction,  Simlwrly, escited states thal qgive rise to the  atomg
emiccoron can be decepbive an detemining the nature of  the opecie
arraving foom the twrget. Thin reatment does nol al tewpte o claim Chat

all the compound comes Trom the Taiget ) bal o siamibicant teacbion ol



the compound is thought to originate at the target. The majority of the
energy available for compound formatinn ic available at the target due
te the cathode fall voltage. This voltage is sienificant enough to
produce several layers of the compourd due to the low energy icn implan-
totion. The remaining problem is the sputtering of the compouna without
dissociation. This is a se¢ rate question in itself, and will not be
addressed kere.  However, it is clear that i1 the target surface is not
fully cevered bty compound, then free metal is almost certainly to be

sputtered,

More recently, a number of authors have indicated thet a targetl not
fuliy covered by cospound dees Teed to films that are sub-toichiometric,
Maniv  and !u'(-'.lwu()(l:"lI fourd that tilm. ol A'yng were  incompletely
oxidized il the oxygen partial pressure wes insufficient to completely
oxidize the target. R. B, Van Dovorb ct.al. found an increase in the Tc
of NDN f+lms a1 the spulter rate was not maltched with the aitriding of
the taraet . Atninito and |'|'I".(bll'.!' veport o method o varying  the
conpoitaor of Tilwey based or the discharae characteristics, They find
that tilm of AIN are fully <taichiometric af high partial precoares of
H:. They meacanne the ight emicsior from the free excited aluwinog and
tind that it drops 1o cero when goad Didee. ave prepaved. However, they
do not wee any emsaon lines due to AN, and cond lude That none e i
the qlow.,  Arla awl ﬁuwlul! Litvtl That AL wpul Tered in mistuves ol Hr/Ar
becomes wore AN as the mitrogen conlent i incveased ta o certain
poantl, abave which no farther changes an the qrowth vale are oboeryed,
they andicate that o tlux of AL and AN is mest Trkely produced with the

e aluwinum al the  sabatvale aduworbing milvogen o qive  tall



stoichiometry. Other work by Aite ard Myers8

on the deposition of Ta¥\
usino Glow Discharge Mass Spectrometry (GDMS) find a significant frac-
tion of TaN+ ir addition to Ta+ arrivina at ihe substrate. The
substrate bias appears to change the ratio of Ta+ to TaN+, but _he trend
is toward an increasing amount of observed TaR+ with increasing partial
pressure of NZ' Other GDMS resuits on copper oxides by Purdes et.al.9

10

and Tantalum oxides by Bolker ct.al. find thal the frec Ta+ signals

become very small when good Teé?203 filme arc being deposited.

These cxperimental observations appear to point toward the target

physic. as being significant in  the production of qood cempound

mcterial. The  computations using the law enerqy ion dmplentalion
simulations indicate thalt the uctual voltages present in the glow can
place nitrogen or carbon alt depths ~ 1-2 o, Teese ranges are in
agreement with other observalions that the target suriace is eovercd
with compound.  Using o fiduciary ot copper, the material can be supse-
quent by spul e d o coliected o vhe wuleteete and subsequent by analyeed
by Auger Fhee tron Spectroccopy anag DBentk Protibing technigues. The e
of the GMY technique s quite powerful ared has chows o demonsraled
success an the production of aeod aalerad et can <till be Timited by
the: measurewent ol only the excited speores which o o small fvaction ol
the total Plus.  The spuattev profile method has ohe poltential of examin

thg Lhe complete bistory ef the interac brone,
EalERIMI NI

tour dittevent gaes were used 1o check the caergy partal ioning ol

the moleonles ) and To vory slightly the atomic namber . hewse gasaee |, N,



NH3, C0. and CH4 were chosen bhecause o. their low chemisorption on
atom:cally clean aluminum sur'laces.12 An orbitor magnetron was used as
the sputter source. The typical argon pressure curing operation was
A~ 0.7 Pa. Aluminum was deposited to a thickress of ~ 150 nm and then a
pulse of gas was introduced for a period of 0.25-2 seconds. At the end
of this period, the gas and the power supply were simultaneously cut
off. The vacuum systein was then purged of the arqon/reactive ges, and a
narker of copper was deposited on Lhe substrate to a thicknes.. of
A 70 n.  The system was villed with argon, and sputtering resumed.
Thie set of conditions was repeated for three Ltotal cycles in ecach
experimeni. The reactivity of each gas was aiso checked by introducing
a particular species without the sputter discharae operoting. In cach
Case . there was pe evidence o1t the niteogen or carbon wpecics found in
the {ilew on either side ot the morker.  Thuw, it is reasonably cortain
that any ol *he elemenls measuved by Auger Depth Profiling are due to

the placma or targel offedts,

The detaile of  the source and power supply charvacteristicy, aloe
play o crucial vol!« in thiv experinent.  The poser suoply has an in-
ternel revictance of = 200 ol This dmplies thal any change in The
opevating covrent duving the gas palaing can morease ;o deovease the
spatter voltagqe due te o change in the qlow ampedance caased by The
ditferences i the econdavy electron yield from compound  Tormat ion,
Secondly,  The cureenl dentaty mast bhe Foown, The tatal discbarage
curvent wes - anpeves, The avea ol The tasget covered by The glow wae.
S A1 un'l. feey the curvent densaty before the test gas wase puleed

into the chambev waee o LE ma/e m; . dhese commerbone., combined with Line



position of the substrate gave a deposition ruote of A~ 2 nm/sec. In the
case of the CO and CH4. the operating voltage of the power suppiy, and,
therefore, the plasma conditions remain essentially constant. The
nitrogen introduction causes the power supply to drop to ~ 275 volts,
and the ammonia causes the power supply to drop to ~ 200 volts. Thus,

the encrgv per atom must be computed based on the observed voltage.

Atler each deposition was completed, the samples were introduced to
an u'tra high vacuum chamber where Auger depth profilina could be
accomilished,  The samples were profiled using o ~ 1.5 keV argon beam,

with ~. (0.5 uA of eleclron bear current at b keV.
RESUL TS ANY DISCUSSION

A Monte Carlo simulntionl] was usced to describe the Tow energy ion
implantation.  The results ol this computation for various gases and
sub hrate poterials hess e toud o b in rewvorebde experierial
aqrecment with implant voltages of 0% te S ke Avaminag that (ki
reatment i vaiid 1o the Tower encrqgies encountered in this experiment
the theove!ical depth distributions are <howe an g, je e das The
depth dictvibubions are compuled with o ¢ ) me resoiulion, which e
learly unphveical s but was wsed 1o produce o cmooth computat ion.  In

reclhity, The atome. pay come lo et oan some e discrele wel ol

locattons e The tavgel,  diguees 1o and a0 how The prafiles Ein the
carbon wonesy ide amd methane. e carbon wonoside protile peal-. betwees
a0 ) a2 s The methane prodile peaks between o 1 oand 07 nm,



Thus, as the sputtering process cortinues durirg tne implantation
process, some of the surface will be removed during the gqas
introduction. If there are ~ 2.5 » 10+15 atoms per layer, and assuming
a current density of 11 ma, and a sputter yield of ~ 0.4 atoms per argon
atom, the etch rate of the target is a 13 layers/sec or about
5.4 na/sec. It is clear that durinc the doping process, the surface is
being eroded away at depths in exc. .s ot the implant depth. Thus, it is
impossitle tc dope the target without some o1 the compound beirg
spultered t¢ the substrate, unless verv short exposurc times are used.
Since detectability depends or the total current, i.e. dose, a
compromise must be made.  As a result, several experiments were
periormed with each qad+ uving the intreduction times of 0.5, ! and ?
scconds.  As the times are increased, the amount of carbou/nitrogen on
the substrate/glow side should incredase with changes on the target side

reflecting the depth/dose character.

The <ubstrate will acl av an intemrator lor all the effects and
ecesentially is o time vecord 1or the various possibilitics of compound
vovmation.  The tarqget car only veach a steady state condition bolween
implant dowe, range, and erosion vates.  This phenomene can be thought
ol avan alleved loyer,  Othes pevameters wuch as the putter yiecld jor
the indhividual  compounds. can alvo alter the vesutts,  Hewever, ex-
amination ob vigue, lh-1d and ?b-"d <how the rewulls of The carbon
profiles Tor the carbon monoaxide and the pethane,  The amount ot carbon
on Lhe substrate/qglow <ide for the cavbon monoxide i+ hiagher Than on Uthe

target wides  Thes i comaedtent with the shallow ddoping of the Largel



versus the erosion rate. The methane, however, is exactly reversed.
The amount of carbon from the target side is always greater thar on the
substrate side for these experiments. This result is consistent with an

implant depth that is ~ twice the range from the carton monoxide.

The nitrogen and ammonia ezperiments give essentially the same
results. This is due to the fact that the nower supply voltage is lower
for the ammonia than tor the nitrogen. After partitioring the energy to
the various comporents, the kinetic enerqgy per nitrogen is essentially
the same. Thus, the range of the nitrogen in the target should be the
same for both of the nitregens. The ranage calculations for the nitrogen
and amronia arce shown in Tigy. 2a and 4a. The resulls of the depth

prafiles are shown in Figs. 3b-3d and 4b-4d.

The recults of these experiments are consistent with a plcture o
reactive sputiering that produces the compound in the Largel which s

subsequent by sput ter deposited to $he subsbrate.

CONCEUSTONS

Ihe mavker eypeviments do sbhow o decoupling ol the targel  and
plasmazsubaorate interaction within the sputter elch vate and doping
Yime condraints, The data dees chow clear evidence Lo The deposilion
of  cespound frore the tare -t which i ihought (o bhe due to the near
sarbace moditicat ton o The s athode 1all vollage.  The enerqy INNE
Lioning of the cavbon o cither carbon wonexide or methane gields the

expected vesult o, namely that the deeper the ampleot, the qreater the



portion of carbon frcw: the target. The nitrogen and ammonia resuits
were similar in nature due to the reduced voltaye from the sputter power
supply. The recults are still corsisient with the tarasi being doped,

in that the nitrogen ranges in the target are essertiaily identical.

Ir conclusion, this experiment does nci prove that all the compound
is formed and sputtered from the taraet, but dees indicate that a
significant fraction is forned ard sputiered trom the teraet. The dete
free this experiment s contictent with, a model which indicates that the
reactive species is implanted . the target, subuequentlv eroded awey

and contribules to the obaerved conpound films .
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FYGURE CAPTIONS

Figure 1. The ion range distribution for carbon monoxide is shown. i
is assumed that the molecules dissociate on impact with the substrate,
and each atom proceeds on its own. The fraction of the encrgy aiven to
the carbon atom is (12/?8) 0.472 or ~ 160 volts. The surface peal is
abtained through the use of a surface trap. A« low energy ion. aftempt
te cscape into the vacuum, Lhey can be effected by such forcee o«
bonding, van dev Warls, or work function offects,  lLigures b-d show the
typical depth profiles tor the carben on the subttrate ond target sade

as a lurction of dose.

Figure 2. The methane  range  distribation i< <hown with  the depth
profiies an bed. The mass patitior of the everqgy gives « Cht volts tao
the carbon wrom.  The vange for the corbon is a twice the range due lo
the O poiccnle, e, iU i pessible o dose the target and  wlop
hetere cignita ol spullering o o, hae i el lectea in a0 laaey

carthon vrgual on the Tavgel wade tha on the glow/<ubstvate side,

Vigme b Computed  vange  disbvibution tor nibiegen on the b i
tavgel e whown, Thee cathode voliace talle to o« /% volts, leovaing

140 voll. perv atom,  The ratage is similor te the cavbore troe He €0

molecule,  The depth probades have the same Type ol Lehavior as
“hallow amplert, theve o wome compoutd Lhat s olvaaved hoe The
UR T TR



Figure 4. The anmonia profile is computed based on the reduced cathode
fall voltage of 200 volts. The mass partition to the nitrogen (14/17)
to 0.82 gives a 165 volts to the nitreaen. This energy is similar to

the nitrogen, and gives similar profile results shown in b-4.
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“plant Density, Ard. UMItS
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